Ultrafast Conductivity Dynamics in Pentacene Probed using Terahertz Spectroscopy 
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We present measurements of the transient photoconductivity in pentacene single crystals using 
optical-pump THz-probe spectroscopy. We have measured the temperature and fluence dependence 
of the mobility of the photoexcited charge carriers with picosecond resolution. The pentacene 
crystals were excited at 3.0 eV which is above the bandgap of ~2.2 eV and the induced change 
in the far-infrared transmission was measured. At 30 K, the carrier mobility is ^ ~ 0.4 cm 2 /Vs 
and decreases to fi » 0.2 cm 2 /Vs at room temperature. The transient terahertz signal reveals the 
presence of free carriers that are trapped on the timescale of a few ps or less, possibly through the 
formation of excitons, small polarons, or trapping by impurities. 



The promise of organic semiconductors for technologi- 
cal applications in electronics and photonics has spurred 
an immense interest in these materials^. However, de- 
spite intense research efforts in recent years, the nature 
of charge transport and photoexcitations in conjugated 
polymers and organic molecular crystals is still not well 
understood and remains controversial 2 .. 

Conductivities in undoped organic semiconducters are 
orders of magnitude smaller than in inorganic semi- 
conducters such as Si and GaAs. Polyacenes such as 
naphthalene (Nph) and pentacene (Pc) are conjugated 
molecules with mobilities, //, on the order of 1 cm 2 /Vs. 
The main contributing factors to such small mobilities 
are thought to be related to weak intermolecular inter- 
actions. These factors include strong localization, po- 
laron formation and trapping by impurities. However, 
there is little firm experimental evidence for the impor- 
tance of any single one of these factors in single crys- 
tals. The temperature (T) dependence of the mobility 
in these crystals is observed to increase as the tempera- 
ture is lowered?. This has been attributed to a transition 
from a polaron hopping transport to a band-like trans- 
port of carriers at lower temperatures described by some 
theoretical models 4 ^ and seen by Schlein et ai. in Nph 6 . 
In some materials the temperature dependence follows 
/i oc T~ n , n > 0. Warta et ai. observed this behavior in 
Nph until low temperature, ~30 K, where it then levels 
off at values greater than 100 cm 2 /Vs2i Clearly, the 
nature of charge carrier transport is still not completely 
understood. 

It is not clear either whether electronic excitations are 
best described by the molecular exciton model, or by 
the semiconductor band models. In the former case, 
the excited states are localized and the primary pho- 
toexcitations are excitons, which can dissociate into free 
polarons. In the latter case, they are delocalized and 
mobile polarons are created directly from free electron- 
hole pairs by the absorption of light. Ultrafast optical 
measurements are important in this regard in that the 
dynamics of the photogenerated carriers can be tempo- 
rally resolved. While the optical-pump probe technique 
is a noncontact technique and yields important informa- 
tion of the relaxation dynamics, optical-pump terahertz- 
probe is a direct probe of the nonequilibrium carrier con- 



ductivity dynamics. Terahertz time-domain spectroscopy 
(THz-TDS) without an optical pump is an ultrafast opti- 
cal technique in which near single-cycle freespace electric 
field transients of a duration of about 1 ps and spectral 
width on the order of 1 THz are used to measure the 
complex conductivity of the sample. This is a coher- 
ent technique, and by varying the probe delay time with 
respect to an optical excitation pulse the induced con- 
ductivity changes of the sample can be measured with 
sub-picosecond (sub-ps) resolution. Thus, THz-TDS has 
become an important technique in the study of the far- 
infrared conductivity in condensed matter systems rang- 
ing from carrier transport in semiconductors to the dy- 
namics of fluido 9 ! 10 . 11 ! 12 ! 13 ! 14 . 15 ! 16 ! 17 . 
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FIG. 1: Electric field E(t) of THz pulse transmitted through 
Pc crystal, and induced change in electric field AE(t) at T — 4 
K. The inset shows the fast Fourier transformed amplitude 
spectrum of E(t). 



Here we present optical-pump THz-probe conductivity 
measurements on Pc single crystals. High quality Pc sin- 
gle crystals were grown in a flow of inert gas. The crystals 
used were typically 3 mm x 3 mm and approximately 50 
/im thick. The experiments utilized a commercial-based 
regeneratively amplified TkA^Oa system operating at 1 
KHz producing nominally 2.0 mJ, sub-50 fs pulses at 1.5 
eV. The THz pulses were generated and detected using 
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electrooptic techniques. The schematic of the THz-setup 
is shown in Ref>i£. The Pc crystals were here excited at 
3.0 eV which is above the bandgap of 2.2 eV. The exper- 
iments were performed in transmission with the electric 
field of the THz pulses in the afr-plane. The diameter of 
the THz beam is apertured to 2 mm at the sample po- 
sition, and the diameter of the pump beam is ~3 mm. 
The samples were mounted inside an optical He cryostat. 
The results presented are obtained from several samples. 

Figurenshows the electric field of the THz pulse trans- 
mitted through a Pc crystal without optical excitation, 
compared to the induced change in the electric field with 
optical excitation. There is a decrease in the transmit- 
ted electric field associated with the conductivity of the 
mobile carriers (i.e. Drude-like response). No shift in 
the phase of the induced change of the THz pulse is ob- 
served. Thus it is valid to measure changes in the peak 
amplitude of the transmitted THz pulses to determine 
the photoinduced conductivity (i.e. Act oc AE/E). 
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FIG. 2: Differential transmission of the peak of the THz probe 
pulse versus pump-probe delay time at various fluences at T = 
20 K. The plots are displaced vertically for clarity. The inset 
shows the fast exponential decay time versus pump fluence. 

Figure [21 shows the induced change in transmission of 
the THz electric field — AT/T at incident pump fluences 
ranging from 0.12 to 0.83 mJ/cm 2 producing carrier den- 
sities from 1.6 x 10 17 to 1.1 xlO 18 cm" 3 at T = 20 K. The 
photoconductivity transient increases with increasing flu- 
ence indicating an increasing conductivity with increas- 
ing carrier density. The rise time is resolution limited by 
the THz setup. The initial exponential decay increases 
with increasing fluence (see inset to Figure [21, indicating 
some interaction between the carriers creating a bottle- 
neck effect. This behavior could also simply be due to a 
saturation of the trap density where carriers are trapped 
by defects. At higher fluences, an additional exponential 
relaxation component develops with a longer lifetime lev- 
eling off at ~4 ps. —AT/T is close to linear with pump 



fluence. 
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FIG. 3: Temperature dependence of various parameters at a 
fluence of I = 0.21 mJ/cm 2 . (a) Fast decay amplitude versus 
temperature. The inset shows -AT/T at T = 4 K. (b) Fast 
decay time versus temperature, (c) Induced change in real 
conductivity versus frequency at various temperatures. 

The differential transmission versus temperature dis- 
plays a similar behavior where the peak of the transient 
signal, and hence the transient conductivity, increases 
as the temperature is lowered. We attribute this to an 
increase in carrier mobility. Figure OJa) shows the fast 
decay amplitude to be increasing with decreasing tem- 
peratures, following the mobility (see Figure^}. The fast 
decay time shown in Figure E^b) is seen to increase with 
increasing temperature which is not immediately obvi- 
ous, but might be due to thermal population of exciton 
levels or trapped states with higher temperatures. Figure 
Ofc) shows the induced change in the real conductivity, 
and it is seen to be increasing with decreasing tempera- 
tures. The induced change in the imaginary conductivity 
is close to zero. Thus, it was not possible to fit the data 
to a Drude model with such small induced conductivities. 

Figure0]shows the carrier mobility versus temperature 
obtained directly from the time domain data, —AT/T, 
and the induced increase in conductivity, Act = ne/; 13 . 
Here, n is the carrier density, e is the electronic charge, 
and \x is the effective carrier mobility. Act is obtained 
from the approximation for a thin film on a semi-infinite 
insulating media given by 

Act 2 -^£±£>, (1) 
T Z Q d V ' 

where N = 1.6 is the refractive index of the media 
(unpumped crystal), d = 14 //m is the optical penetra- 
tion depth at the pump wavelength, and Z D = 377 f2 is 
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FIG. 4: Photoinduced carrier mobility versus temperature. 
The straight line is a fit to T~™, where n = 0.27. 

the impedance of free space. The carrier density decays 
exponentially by d, but is assumed constant over the ex- 
citation thickness. 

At low temperatures, T = 30 K, the photoinduced 
carrier mobility is /i « 0.4 cm 2 /Vs and /i decreases to 
/i w 0.2 cm 2 /Vs at room temperature. These values for 
the mobility assumes a 100% internal quantum efficiency 
conversion to free carriers, which may be an overestimate 
of the carrier density. These results provide a lower limit 
on the mobility. These values are comparable to values 
found in Pc crystals by Bukto et alm& in a field effect 
geometry, as well as by Hegmann et al. also using the 
same technique of optical-pump THz-probe spectroscopy 
on functionalized Pc crystals**. The temperature depen- 
dence of the mobility shown in Figure 0] follows the T~ n 
power-law in the temperature interval 30—300 K, where 
n = 0.27 ± 0.05. The low value of n does not give a 
clear indication of a pure band-like transport at low tem- 
pertures, and the continuation of the typical power-law 



dependence into the high-temperature regime is not com- 
pletely understood*. The continuation of the power-law 
dependence into the high-temperature regime was also 
observed in Nph by Warta et al&l. The fact that the 
conductivity shown in Figure Efc) is seen to be increas- 
ing with decreasing temperature does however indicate a 
band- like transport. 

The fast rise time for — AT/T of ^0.5 ps suggests 
free carriers or polarons to be photoexcited directly, be- 
cause THz-TDS is sensitive to the presence of free charge 
carriers. This rise time is comparable to the response 
time of the THz setup, and it is therefore likely that the 
formation of mobile charge carriers occur on a shorter 
timescale. This same behavior was observed by Heg- 
mann et al. in functionalized Poi*. Another group have 
reported the formation of polarons within ^100 fs in a 
conjugated polymer (PPV thin films ) 20 ' 21 , thus support- 
ing the semiconductor band model. Yet another group 
finds that polarons are first generated by electric-field- 
assisted dissociation of primary excitons on a timescale 
of 10 ps in light emitting diodes (ra-LPPP thin films )2 2 «, 
thus supporting the molecular exciton model. Clearly, 
further studies are needed to address this controversy. 

In conclusion, we have measured the transient photo- 
conductivity in Pc single crystals using THz-TDS. The 
rapid onset of photoconductivity suggests the primary 
photoexcitations to be mobile charge carriers. The pho- 
toinduced response consists of a two-component expo- 
nential relaxation. The initial fast component relaxes 
within a few ps or less, possibly through the formation 
of excitons, small polarons, or trapping by impurities. 
Photoinduced mobilities of at least ti = 0.4 cm 2 /Vs at 
30 K was obtained. The temperature dependence of the 
photoinduced mobilities is found to follow a power-law, 
T~ n , where n = 0.27. 
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